Quantifying relative affinities of Po and Pb in different populations of marine particulate matter is of great importance in utilizing 210 Po as a tracer for carbon cycling. We collected and analyzed water samples for the concentrations of dissolved and total 210 Po and 210 Pb from the upper 600 m of the water column at Bermuda Timeseries Study site
INTRODUCTION
The 210 Po/ 210 Pb pair in the 222 Rn decay chain can provide wealth of information on rates of diverse oceanic processes at ocean boundaries integrated over time scales of a few days to the mean-life of 210 Po (199.7 days) . The pair was extensively studied during GEOSECS by several research groups (e.g., Cochran et al., 1983; Chung and Finkel, 1988) in 1970s and the pair was again selected as one of the priority tracers for the GEOTRACES program from 2008 onwards with the mission of assessing their sources, sinks and internal cycling and to characterize the physical, chemical and biological processes that regulate their distribution, in particular across major ocean boundaries . This includes export fluxes of POC, lithogenic and sulfur-group elements from the euphotic zone, rates of remineralization of 210 Po and other sulfurgroup organic material, residence times and removal rates of Po and Pb and other lithogenic and biogenic proxy elements. For example, the distribution of particulate and dissolved 210 Po and 210 Pb in surface water has aided to constrain the new production rates (e.g., Sarin, et al., 1994) .
The concentration of 210 Pb in the surface waters primarily depends temporally and geographically on the varying inputs of atmospheric deposition and removal on to particles, and secondarily on the redistribution by advection and diffusion. Most of the dissolved 210 Po in the upper water column is produced during the decay of 210 Pb via 210 Bi ultimately derived from the atmospheric fallout and it is usually depleted with respect to 210 Pb because the 210 Po/ 210 Pb activity ratio (AR) in the atmospheric deposition (both dry and wet deposition) is usually < 0.1 (e.g., Hussain et al., 1998; Sarin et al., 1999; McNeary and Baskaran, 2007; Church and Sarin, 2008; Baskaran, 2011) . Though the global average of 210 Po/ 210 Pb AR in precipitation and atmospheric aerosols is < 0.1, and most of the 210 Po in the upper waters are derived from the decay of dissolved and particulate 210 Pb, the areas that are affected by volcanic emissions have high amounts of volcaniceruption-derived 210 Po in the atmosphere (Baskaran, 2011) .
Laboratory studies have demonstrated a distinct biological enrichment of 210 Po in phytoplankton as enrichment factor is in the order of 210 Po >> 210 Pb ~ Th> Ra > U (Fisher et al., 1983 (Fisher et al., , 1987 . The fractionation factor calculated from the distribution of these nuclides in the water column agrees with that reported to be 234 Th > 210 Po > 210 Pb (Shannon et al., 1970; Tsunogai and Nozaki, 1971; Kharkar et al., 1976; Heyraud and Cherry, 1979; Cochran et al., 1983; Kadko, 1993) . Due to stronger bioaccumulation of Po in organic tissues relative to Pb, Po is more efficiently recycled during particle remineralization and thus has a longer residence time in the water column than Pb (e.g., Stewart et al., 2005) . This implies that organic-rich suspended particles in the upper water column will tend to have higher specific 210 Po activity as well as 210 Po/ 210 Pb activity ratios. However, in some regions, the specific circulation patterns in a given area can lead to total 210 Po/ 210 Pb ratios of about unity, for instance in the center of gyres or as a consequence of upwelling (Nozaki et al., 1976; Thomson and Turekian, 1976; Kadko, 1993; Masqué et al., 2002) . The oceanic distribution of 210 Po has also direct relevance to global biogeochemical cycling of other sulfur group elements (e.g., S, Se, and Te) and their utility as a tracer for nitrogen fixation (Kim and Church, 2001) .
In deep waters below 1000 m, secular equilibrium between 210 Po and 210 Pb ( 210 Po/ 210 Pb AR ~ 1) was observed in some areas (e.g. North Atlantic: Bacon et al., 1976; South Pacific; Turekian and Nozaki, 1980; Central and Eastern Indian Ocean: Cochran et al., 1983; Indian Ocean: Chung and Finkel, 1988) ), however, a large scale deficiency of 210 Po with respect to 210 Pb ( 210 Po/ 210 Pb AR < 1) has also been reported in various parts of the world ocean (e.g. East China and Philippine Sea: Nozaki et al., 1990; Equatorial Pacific and Bering Sea: Nozaki et al., 1997; Sargasso Sea: Kim and Church, 2001; South China Sea: Chung and Wu, 2005; Church et al., 2012) . Sampling and analytical problems with the 210 Po/ 210 Pb measurements have been reported in the past. For example, samples collected from 1500 to 4000 m off the coast of Peru showed a pronounced 210 Po deficiency ( 210 Po/ 210 Pb <1, Thomson and Turekian, 1976) . However, examination of new set of samples from the same area revealed equilibrium ( 210 Po/ 210 Pb ~ 1) and this difference was attributed to the loss of Po onto the walls of sampling bottles due to storage of samples (Turekian and Nozaki, 1980) . Mechanistic detail for this deficiency therefore remains elusive up to date. In this article, we report vertical profiles of dissolved and total (= particulate + dissolved) 210 Po and 210 Pb concentration and 210 Po/ 210 Pb ARs in the upper 600 m at the Bermuda Time-series Study (BATS) site along with their concentrations and ARs in sediment trap samples from 500m, 1500m and 3200m depths collected concurrently by the Oceanic Flux Program (OFP). The primary goal is to understand the cycling of Po and Pb in the upper water column by comparing variations in 210 Po and 210 Pb concentrations and the 210 Po/ 210 Pb ARs in the upper water column with concurrently measured depositional fluxes of 210 Po and 210 Pb in sediment traps at 500m, 1500m, and 3200m.
MATERIALS AND METHODS
Seawater and sediment trap (500, 1500, and 3200 m) samples were collected at the BATS site (31 0 40'N, 64 0 10'W), located approximately 75 km southeast of Bermuda in 4500 m water depth. Seawater samples were collected bimonthly from September 1999 to September 2000 from the surface to ~600 m to obtain high-resolution 210 Po- 210 Pb profiles. Concurrent to the radionuclide sampling, other relevant biogeochemical variables including nutrients, productivity ( 14 C-based), and POC were also measured (nutrients and primary productivity data can be found at http://bats.bios.edu/bats_form_prod.html).
Sinking flux material collected by the Oceanic Flux Program (OFP) (Conte et al., 2001; 2003) over the same time period was also analyzed for 210 Po and 210 Pb. The OFP mooring consists of three Parflux sediment traps (0.5 m 2 surface area) deployed at 500, 1500 and 3200 m and programmed at a nominal two weeks sample integration period. The trap brine is poisoned with ultra-purity mercuric chloride (200 mg/L) to arrest any bacterial activity.
The analytical procedure for the determination of 210 Po and 210 Pb is given in Kim (2001) . Briefly, ~20 liter water samples were collected in collapsible cubitainers and utilized for total 210 Po- 210 Pb measurements. For the dissolved phase, water samples were filtered through 0.45-µm cartridge filter using a small pump (JABSCO). The filtration was completed within an hour of sampling on board in order to minimize the loss of dissolved nuclides by sorption on to the surface of the sampling bottles, and possible alteration of the particles, such as particle settling and breakdown, although particle integrity was not verified separately. The filtered and unfiltered (or total; here onwards 'total' and 'unfiltered' are synonymously used) water samples were acidified to pH < 1, and chemical yield tracers (~ 2 dpm of 209 Po, 5 mg of Pb) and Fe 3+ carriers were added. The spikes and carriers were allowed to equilibrate and the pH was adjusted to ~7 using NH 4 OH. After settling for ~4-5 hours, the supernatant was siphoned off and the residual mixture was centrifuged. The precipitate was dissolved in 0.5 M HCl. To this solution, 200 mg of ascorbic acid was added to reduce Fe 3+ to Fe 2+ . After plating, the solution was dried and taken in 9M HCl. This solution was passed through a 9M HCl anion-exchange resin column to quantitatively separate the Pb from the Po. An aliquot of the separated solution was utilized to measure stable Pb for the chemical yield of Pb (Baskaran et al., 2009 ). The in-situ 210 Po was processed within two weeks after sample collection. The plated solution was stored for 1-2 years and again 210 Po was re-plated to assay the in-situ 210 Pb. The in-growth (in-growth factor for the determination of 210 Pb from the assay of in-grown 210 Po, and contribution of 210 Po from the decay of 210 Pb from the time of collection to first plating) and decay corrections for 210 Po and 210 Pb were appropriately applied, as detailed in Baskaran et al. (2012, in review) . An aliquot of the sediment trap material was digested with conc. HF-HNO 3 -HCl with the addition of ~ 2 dpm of 209 Po and 5 mg of stable Pb. The digested solution was eventually converted to HCl medium and the pH was adjusted to ~2 using NH 4 OH and subsequently plated on to Ag disks, and the rest of the procedure is the same as outlined above. All the analyses of the samples were completed by 2002. Particulate 210 Po and 210 Pb concentrations were calculated by subtracting the filtered sample ac-tivity concentrations from their corresponding unfiltered sample activity concentrations and their measurement errors were propagated. 210 Po and 210 
RESULTS AND DISCUSSION

Dissolved and total
Pb in the water column
The vertical profiles of dissolved and unfiltered (total) 210 Po and 210 Pb concentrations are plotted in Fig. 1 and the data are given in Appendix-I. Water column concentrations of dissolved 210 Po and 210 Pb varied seasonally. Total 210 Po concentrations were generally higher in the upper 100 m than in deeper waters (100 -600 m). Concentrations of dissolved and total 210 Po and 210 Pb in the upper 100m were highest during December (average values for dissolved 210 Po: 12.2 dpm/100L in December; 8.4, 7.2, 7.1. and 5.0 dpm/100L in September, January, March and May, respectively) (Appendix-I). Concentrations of dissolved 210 Po at a particular depth only varied by a factor of ~2 over the sampling period (e.g., between 6.0 dpm/100L and 12.2 dpm/100L at 50 m layer), while the corresponding 210 Pb concentrations varied by less than 10% (e.g., between 17.4 dpm/100L and 19.0 dpm/100L), indicating that the higher 210 Po variability is due to variations in biogenic activity which preferentially affects the Po activity. Total 210 Pb activity in the upper 100 m from January to May remained constant between 19.2 and 19.8 dpm/100L, indicating relatively uniform atmospheric depositional input of 210 Pb and similar removal rates on to particulate matter. The distinctly higher 210 Pb concentration in September 2000 is attributed to higher depositional flux due to higher amounts of precipitation and possibly higher atmospheric dust input during the summer time.
The fraction of particulate 210 Po was significantly higher than that of 210 Pb (Fig. 1 , Appendix-I). The fraction of particulate 210 Po varied widely, between 5 and 63%, with generally higher percentage in the upper 150m and lower percentage below. The fraction of particulate 210 Pb was lower than that of 210 Po and exhibited less than 30%. The high fraction of particulate 210 Pb in May was attributed to higher seasonal dust input.
Seasonal inventories of 210 Po and 210 Pb in the upper 500 m water column for each sampling period varied by factor of ~2 for 210 Po, from 2.4 x 10 4 to 4.5 x 10 4 dpm m -2 for dissolved 210 Po and 8.0 x 10 4 to 10.6 x 10 4 dpm m -2 for dissolved Pb, with the highest 210 Po values found in December ( Table 1 ). The particulate 210 Po inventory was a factor of two larger than that of 210 Pb. Large variations in the inventories of 210 Po are likely due to seasonal variations in the biogenic particulate matter and its effect on the scavenging of Po. The water column inventories of 210 Po (both filtered and unfiltered) correlated with 210 Pb negatively (figure not shown); however, the inventories of 210 Po and 210 Pb correlated with the POC inventories in the upper 500 m, although the data points are very limited (Table 1) .
The 210 Po/ 210 Pb ARs in the upper 600 m varied between 0.18 and 0.44 in the dissolved phase and 0.17 to 0.71 for the total (Fig. 2) . The mean 210 Po/ 210 Pb AR was always higher in the total samples compared to the dissolved phase samples and this is attributed to higher 210 Po/ 210 Pb ARs in the particulate matter, generally with values >1.0 (Fig. 2) . The mean 210 Po/ 210 Pb AR for the total samples was higher in January (0.51) and March (0.55) than in May (0.39) and September (0.36). The 210 Po/ 210 Pb AR for the upper 500 m (based on the inventories of these nuclides) varied between 0.27 and 0.37 in the dissolved phase and between 0.29 and 0.51 in the total sample (Table 1 ). The estimated AR for the particulate fraction varied between 0.2 and 10.7 (Appendix-I), similar to the earlier results reported by Kim and Church (2001) , Buesseler et al. (2008) , and Stewart et al. (2010) . The subsurface maximum 210 Po p / 210 Pb p AR was found at 200 m and this is likely due to re-adsorption of Po onto the biogenic particulate matter (Fig. 2c) . The steep gradient in 210 Po p in the upper 200 m is attributed to the remineralization of biogenic particulate matter and subsequent release of 210 Po to the water column.
High concentration of 210 Pb in the upper ~ 100 m has been widely reported in literature and is attributed to atmospheric depositional input. In the present study area, the atmospheric depositional input of 210 Pb is generally derived from the North American terrestrial material in the winter, as inferred from the atmospheric deposition of stable lead (Veron et al., 1993) , and from North Africa (Sahara) in the summer ; it also could be due to differences in the scavenging intensity of 210 Pb from the water column. Higher concentrations of 210 Pb in aerosols at Bermuda during summer/fall and lower values during winter/spring have been reported (Hartman, 1987 ) and thus it is likely that the depositional fluxes are also higher during these seasons. The highest concentrations in the upper 100 m was found in December and this is likely due to higher depositional fluxes during fall where the highest amount of precipitation is also reported (in October; http://www.bermudaonline.org/climateweather.htm). Higher concentrations of 210 Po and 210 Pb in September and December ( Fig.1) could be attributed to higher inputs of Saharan dust during the summer months (Prospero, 1996) . The surface depletion of 210 Po relative to 210 Pb is also attributed to lower 210 Po/ 210 Pb ARs in the precipitation as well as in the aerosols deposited onto the sea surface. Although the expected 210 Po/ 210 Pb ARs in the original soils and Saharan dust to be ~1.0, this ratio could be significantly altered during the transit due to addition of 210 Pb from the aerosols that contain 210 Po/ 210 Pb ARs < 0.1. It has been also reported that the atmospheric input of 210 Pb to the Atlantic Ocean including the Sargasso Sea is roughly a factor of two or larger than that for the whole of the Pacific Ocean (Cochran et al., 1990) 3.2. Fluxes of particulate 210 Po and 210 Pb at 500 m, 1500 m and 3200 m depth:
Temporal variation of settling fluxes of particulate 210 Po, 210 Pb and 210 Po/ 210 Pb AR at 500, 1500, and 3200 m depths from May 1999-May 2000 are shown in Fig. 3 . The average fluxes of mass, aluminum, calcium carbonate and organic carbon along with settling fluxes of 210 Po and 210 Pb at 500, 1500, and 3200m depths are also summarized in Fig. 4 .
The average activities of 210 Po and 210 Pb in the 500 m trap with their standard deviation were found to be 265 ± 180 and 543 ± 400 dpm/g and their settling fluxes were found to be 5.5 ± 4.8 and 10.0 ± 9.4 dpm m 210 Pb fluxes at 500 m depth varied by an order of magnitude over the study period and they exhibited minimum fluxes during the winter months when mass fluxes were low. Peak fluxes were observed in July and August 1999 (Appendix-II). The 210 Po/ 210 Pb AR of the trap material at 500 m varied from 0.2 to 2.3 with an average value of 0.7 ± 0.5 (calculated from data given in Appendix-II). The ( 210 Po/ 210 Pb) p AR in the coastal and shelf areas where particle concentrations are high, the 210 Po/ 210 Pb activity ratio is generally < 1.0. For example, activity ratios of 1.3 and 1.3-2.4 were reported in the North Atlantic and Pacific Ocean, respectively (Brewer et al., 1980; Harada and Tsunogai, 1986) . They were found to be 0.45 in Santa Barbara Basin (162-377 m depth, Moore et al., 1981) and 0.2-1.4 with in Santa Monica Basin (100-850 m; Huh et al., 1990) , where the particle concentrations and fluxes are significantly higher.
The sinking fluxes of particulate 210 Po and 210 Pb at 1500 m depth varied between 8.2 and 14.8 dpm m -2 d -1 (mean: 10.6 ± 3.0 dpm m -2 d -1 ) and 0.7 and 49.2 dpm m -2 d -1 (mean: 13.2± 13.7 dpm m -2 d -1 ), respectively (Fig. 4 , Appendix-II). The 210 Po flux varied by less than a factor of 2; however, 210 Pb activity varied by an order of magnitude during the deployment period of May-December 1999. Lower variability of 210 Po is attributed to remineralization. The sinking flux of 210 Po at 1500m was higher than that at 500m by a factor ~2. The 210 Pb flux was generally low-er in May through July and higher from September through December. The 210 Po/ 210 Pb AR of the trap material at 1500 m depth varied from 0.3 to 14.8, with a mean value of 3.4 (Appendix-II). The 210 Po/ 210 Pb ARs of less than unity (0.8-1.0) was also found at 1000 m and 2000 m depths in the East Sea (Sea of Japan), a marginal sea, during spring when terrestrial particulate matter input is large (Hong et al., 2008) . There was a significant correlation between Al and 210 Pb flux at 1500 m (R=0.66, P>0.05), but there was no correlation between Al and Po. There was no significant correlation between POC and 210 Po or 210 Pb in the 1500 m trap samples (Fig.5 c and d) , probably due to sudden change in particle composition (e.g., increase in carbonate and aluminum (terrigenous) containing particles) and changes in the nature of POC. Figure 2 . Activity ratios of 210 Po/ 210 Pb in the total (a), dissolved (b), and particulate phases(c) in the water column. The subscripts of t, d, and p denote total, dissolved and particulate phases of both 210 Po and 210 Pb, respectively. The counting errors were less than 10% and are not included in the size of the symbol. The average activities of 210 Po and 210 Pb in sinking particulate matter at 3200 m was 399 ± 185 and 1017± 418 dpm g -1 , respectively. These values can be compared to 327 to 980 dpm 210 Po g -1 and 131 to 391 210 Pb g -1 , with a factor of 3 inter-annual variation at one site (32 o 05'N, 64 o 15'W) reported by Bacon et al. (1985) . The sinking fluxes of particulate 210 Po and 210 Pb varied between 1.4 and 32.6 dpm m (Fig. 4) . Sinking fluxes of particulate 210 Po and 210 Pb from an earlier study were reported to be 31.0± 12.0 and 12.2 ± 3.7 dpm m -2 d -1 , respectively (Bacon et al., 1985) . Our data reported in this study falls in the lower end for 210 Po, however, it is larger as much as a factor of three compared to that in 1980-81 period (Bacon et al., 1985) , due to probably lateral transport of inorganic particles. The flux measurement reported here are consistent with the range observed in the atmospheric input of 210 Pb at Bermuda of 11.2- 18.9 dpm m -2 d -1 , which depends upon the variation of rainfall and origin of air masses descending to Bermuda Island Kim et al., 1999; Cochran et al., 1990 (Brewer et al., 1980) . The 210 Po/ 210 Pb AR of 2.5± 0.3 in 1978-81 periods (Bacon et al., 1985) was significantly higher than 0.5± 0.5 reported in this 1999-2000 study period. A similar depletion of 210 Po with respect to 210 Pb in the water column in the same region was reported by Kim (2001) . There is a significant correlation between 210 Po flux and mass flux (R=0.87, P>0.001) and 210 Po flux and POC flux (R=0.86, P>0.001).
Residence Time of 210 Po and 210 Pb:
Using a simple box model, the scavenging residence times of 210 Po (τ Po ) with respect to removal onto suspended particulate matter for the upper 400 m may be calculated using the equation (1) given below. This calculation assumes that there is no significant net advection and diffusion fluxes on time scales (months) comparable to the mean-life of 210 Po. The scavenging residence time of 210 Po is calculated as follows:
where I AR is the 210 Po/ 210 Pb activity ratio in the upper 400 m and τ is the mean-life of 210 Po (199 days). The calculated residence times varied between 67 and 118 days for dissolved phase and 106 to 250 days for total (=dissolved and particulate), with the longest residence time in March and shortest residence time in September. This implies rapid net removal in September and less in March to deeper waters. This is consistent with the reportedly preferred partitioning during late summer by N fixing cyano-bacteria (Kim and Church, 2001 ). This calculation also assumes that the particle composition has remained constant throughout the seasons and its variation did not play any major role on the removal of particle-reactive radionuclides. However different magnitude of bulk particle flux and seasonal fluxes of biogenic particles (silica, carbonate, and sulfate) indeed do play a role in their residence time (described below). 210 Po and 210 Pb:
Partitioning of
The fractionation factor (F Po/Pb ) is defined as the ratio of the distribution coefficient (
Po ) to that of 210 Pb (K d Pb ) .
where C p is the concentration of suspended particulate matter (µg/L), Po d and Pb d are the concentrations of dissolved 210 Po and 210 Pb, respectively and Po p and Pb p are the concentrations of particulate 210 Po and 210 Pb, respectively. The fractionation factors varied between 0.20 and 82 in the 26 samples for which both 210 Po and 210 Pb data are available (Appendix-A; the negative values are omitted). The rather large variability may stem from the high variability in particle composition, such as organic matter, calcium carbonate, opal and lithogenic matter. In only 5 out of 26 samples, the F Po/Pb < 1 (at 200m, 300m, 400m in Sept., 2000; 400m in May 2000 and 120m in Jan. 2000, Appendix-A), indicating higher affinity of 210 Pb compared to 210 Po, again indicating stronger Po enrichment to particulate matter in most of the samples compared to 210 Pb. The F Po/Pb for the integrated depth of 400 m water column can be calculated as follows:
Where I tPo , I dPo , I tPb and I dPb are the inventories of total 210 Po, dissolved 210 Po, total 210 Pb and dis-solved 210 Pb, respectively. The F Po/Pb values for the upper 400 m varied between 1.5 and 5.5, indicating overall enrichment of Po onto particulate matter. This preferential sorption of Po compared to Pb implies that the K d of Po > K d of Pb. However, the particulate enrichment of Po can be from its assimilation or metabolized like other O-S group elements in organisms, versus that of Pb which is primarily by physiochemical surface adsorption. 210 Po and 210 Pb removal rates and major carrier phases:
Relationship between
The fluxes of particulate Al and carbonates at 1500m were greater as much as four and two times than at 500m, while organic carbon flux was only ~ 10% (1500 m) and 30 % (3200 m) as that of at 500 m (Fig. 4, Table 2 ). Polonium-210 and 210 Pb will likely have differential affinities for specific carrier phases such as organic material, calcium carbonate, and opal or lithogenic facies. Thus, variability in 210 Po and 210 Pb fluxes and activity ratios may possibly be related to compositional variability. We estimated the lithogenic mass from particulate Al, assuming an average crustal Al content of 84,000 ppm for lithogenic material (Taylor and McLennan, 1985) , and the mass of biogenic silica by difference (i.e. subtracting lithogenic, organic carbon, calcium carbonate components from the total mass). The estimated opal/CaCO 3 ratio at 3200 m depth over this period is 0.21, and is comparable to the overall mean (0.25) reported for the period of 1978 -1984 (Conte et al., 2001 .
The significant increase in the flux of lithogenic material with depth supports the conclusion that the deep water column at this site is a substantial sink for advected lithogenic material (Huang and Conte 2009 We compare our 210 Pb fluxes (9.99 dpm cm -2 d -1 at 500m; 13.2 dpm cm -2 d -1 at 1500m; and 28.5 dpm cm -2 d -1 at 3200m) with two adjoining sites: i) another OFP site (31 0 40'N, 64 0 10'W) in Nares Abyssal Plain which is northwest of our sampling station; and ii) in the south, the Hatteras Abyssal Plain (32 °48.6"N, 70°44.6'W) (Cochran et al., 1990) . Cochran et al. observed that the mean flux of 210 Pb increased from 6.0 to14.0 dpm m -2 d -1 between the 1436 and 4832 m traps at Nares station. This was attributed to the continued uptake of 210 Pb on to small particles as they are transferred through the water column by packaging into large particles and subsequent disintegration of the large particles back into small particles at different depths. Bacon et al. (1985) previously reported 9.6 dpm m -2 d -1 at 3200 m depth south of the current site (32°05'N, 64 ° 15'W), which is much less than the current observation of 28.5 dpm m -2 d -1 (Fig. 8) . Using the published total 210 Pb concentration at the Nares and Hatteras sampling stations (Cochran et al, 1990) , and our sediment trap measurements yield 210 Pb residence time of 29-32 years in the upper 3200 m water column and it falls within the reported values for the North Atlantic (Bacon et al., 1976) .
It was observed that the sinking flux of 210 Pb measured using sediment trap and 210 Pb inventories in the bottom sediments are not sufficient to balance the atmospheric input and in situ production in the water column. About 50% of the 210 Pb scavenged from the water column at the Nares and Hatteras Abyssal Plains is not sink to the ocean floor locally but is transported out of the area to sink elsewhere in the north due to boundary scavenging (Bacon et al., 1976) . They estimated that the scavenging efficiency of 210 Pb in the water column is relatively low (< 50%) in the south of about 45 ° N and high (> 50%) in the north of 50 °N in the North Atlantic. The fluxes of particulate 210 Pb in sediment trap at 3200m is about three times as that of 500 m and more than twice as that of 1500m trap (Fig. 4) . Although the mass flux at 1500m and 3200m remain the same (Fig. 4) , higher flux of 210 Pb is likely due to lateral inputs. One can estimate spatial scale due to lateral eddy diffusion transport of 210 Pb using the relationship between the time scale of diffusion (t), the scale length (Δx) and eddy diffusion coefficient (D E ~ 10 5 cm 2 /s),
Over the mean life of 210 Pb of 32.2 yrs, the length scale is ~100 km. Thus, substantial amount of material can be laterally transported to the sampling site.
CONCLUSIONS
Based on the data presented, we draw the following conclusions: i) there is disequilibrium between dissolved 210 Po and 210 Pb throughout the upper 600 m water column, indicating preferential scavenging of 210 Po on monthly time scales; ii) residence times of 210 Po in the upper 400 m depth varied seasonally between 67 and118 days for the dissolved phase, which we attribute to differences in the biological cycling; iii) the fractionation factor of Po versus Pb (F Po/Pb ) integrated over 600 m depth varied between 1.5 and 10.5, again indicating preferential biological sorption of Po over Pb in the upper 600 m water; iv) Fluxes of both 210 Po and 210 Pb increased with depth and the 210 Po/ 210 Pb AR deceased also with depth, although the fluxes and 210 Po/ 210 Pb AR were similar between 1500 m and 3200 m depths; v) the 210 Po/ 210 Pb AR in the deep particle flux at 3200 m depth was generally < 1.0. This depletion can be attributed to scavenging by terrigenous suspended particulate matter that is depleted in 210 Po; vi) We did not find any correlation between Al and 210 Po in any of the depths, but we found significant correlation between 210 Pb and Al as well as 210 Po and POC; vii) Our measurements of fluxes of particulate 210 Po and 210 Pb at 1500 and 3200 m depths appear to be lower in 210 Po and higher in 210 Pb fluxes at 3200 m depths than the previously reported and could be attributed to variations in the amount of lithogenic and biogenic particulate matter over time; and viii) From the measured fluxes of 210 Po and 210 Pb at 500 m, 1500 m, and 3200 m traps, it appears that this region is a sink for lithogenic elements and they are likely brought by lateral advection. 
